Journal  of  Power  Sources  232  (2013)  332-337 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


Short  communication 

Lao.8Sri.2Co04+(5-CGO  composite  as  cathode  on  Lao.gSro.iGao.sMgo^Os-^ 
electrolyte  for  intermediate  temperature  solid  oxide  fuel  cells 

Jun  Zhou,  Gang  Chen*,  Kai  Wu,  Yonghong  Cheng 

State  Key  Laboratory  of  Electrical  Insulation  and  Power  Equipment,  Xi’an  Jiaotong  University,  Xi’an  710049,  People’s  Republic  of  China 


HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  LSC04  oxide  is  chemically  compat¬ 
ible  with  CGO  and  LSGM  electrolyte 
at  1100  °C. 

►  A  low  electrode  polarization  resis¬ 
tance  of  0.21  Q  cm2  is  achieved  at 
750  °C. 

►  The  low  ASR  exhibits  high  electro¬ 
chemical  activity  at  intermediate 
temperature  range. 

►  The  single  cell  shows  a  maximum 
cell  power  density  of  515  mW  cm  2 
at  750  °C. 

►  The  LSC04-CG0  composite  oxides 
are  one  of  promising  cathode 
candidates  for  IT-SOFCs. 
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Lao.8Sri.2Co04+<5  (LSC04)  material  with  I<2NiF4-type  structure  has  been  synthesized  via  a  citric— nitrate 
process  and  characterized.  Composite  materials  Lao.8Sri.2Co04+(5-Ceo.9Gdo.i02-<5  (CGO)  (LSC04— CGO) 
have  been  prepared  and  evaluated  as  cathode  for  intermediate  temperature  SOFC  (IT-SOFC)  based  on 
Lao.9Sr0.iGao.8Mgo.203_5  (LSGM)  electrolytes.  LSC04  oxide  is  chemically  compatible  with  CGO  and  LSGM 
electrolyte  at  temperature  up  to  1000  °C.  Compared  with  the  pure  LSC04,  the  optimum  composition  of 
LSC04-35  wt  %  CGO  exhibits  better  electrochemical  activity  for  oxygen  reduction.  Also,  for  LSC04-35  wt 
%  CGO  electrode,  SEM  results  suggest  that  better  microstructure  is  obtained  and  the  electrode  forms  good 
contact  with  the  electrolyte  after  sintering  at  1000  °C  for  2  h.  At  750  °C,  the  polarization  resistance  of  the 
LSC04-35  wt  %  CGO  composite  cathode  is  about  0.21  Q  cm2  in  air.  A  cell  with  a  1.2  mm  thick  LSGM 
electrolyte,  NiO  as  anode,  and  LSC04-35  wt  %  CGO  as  cathode  displays  a  maximum  power  density  of 
515  mW  cm-2  at  750  °C.  These  results  indicate  that  LSC04— CGO  composite  materials  are  promising 
cathode  candidates  for  intermediate-temperature  solid  oxide  fuel  cells  with  LSGM  electrolyte. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  solid  oxide  fuel  cell  (SOFC)  is  one  of  the  most  exciting 
systems  for  next  power  generation  due  to  its  potential  fuel  flexibility 
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and  very  high  efficiency.  Nowadays,  one  of  the  most  important 
research  aims  is  to  develop  intermediate-temperature  solid  oxide 
fuel  cells  (IT-SOFCs,  operating  temperature:  600-800  °C).  This 
would  have  several  benefits  including  a  longer  device  operating  life 
and  reduction  in  production  costs.  Reducing  the  operating 
temperature  with  sufficient  power  output  and  durability  appears  to 
be  the  challenge  of  IT-SOFCs  [1].  Especially,  one  of  the  major  prob¬ 
lems  is  the  high  polarization  resistance  of  the  cathode  at  lower 
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operating  temperature  [2  ].  Thus,  it  is  critical  to  develop  new  cathode 
materials  with  proper  electrochemical  performance  at  low  opera¬ 
tion  temperature.  Generally,  the  cathode  should  posses  many 
properties  including  high-catalytic  activity  for  oxygen  reduction, 
high-electrical  conductivity,  thermal  stability,  and  compatibility 
with  other  cell  components.  Mixed  ionic  and  electronic  conductors 
(MIECs)  are  concentrated  as  good  cathode  candidates  because  their 
cathode  kinetic  reaction  is  improved  by  replacing  the  triple-phase- 
boundary  (TPB)  zone  (electrolyte-cathode-air)  with  a  double  inter¬ 
phase  (cathode-air)  at  intermediate  temperature  [3].  Previously, 
a  new  family  of  oxides  with  I<2NiF4  structure  has  been  reported  as 
a  good  mixed  ionic  electronic  conductor  (MIEC)  material  [4-16].  The 
ideal  I<2NiF4  structure  can  be  regarded  as  the  alternative  stacking  of 
perovskite  type  layers  and  rock  salt  type  layers.  These  materials  can 
accommodate  a  significant  amount  of  oxygen  non-stoichiometry, 
due  to  their  unique  crystal  structure  characteristics.  Generally,  it’s 
noted  that  oxygen  ionic  conduction  in  I<2NiF4-type  compounds  may 
occur  through  a  vacancy  mechanism  in  the  perovskite  layers  or 
through  diffusion  of  interstitial  oxygen  in  the  rock-salt  layers, 
whereas  the  electronic  conduction  behaviour  comes  from  the 
p- type  electronic  conductivity  in  the  perovskite  layers  [17-20]. 
Compared  to  the  commonly  used  pero  vs  kite-type  cathodes,  I<2NiF4- 
type  structural  materials  have  better  thermal  stability,  smaller 
thermal  expansion  coefficients  (10.5—14.2  x  10-6  K-1)  [21—23] 
which  match  better  with  those  of  the  commonly  used  electrolytes, 
such  as  YSZ,  Ceo.9Gdo.1O2 -<5  (CGO)  or  Lao.9Sro.iGao.8Mgo.203-<5 
(LSGM).  Moreover,  it’s  also  found  that  these  compounds  display 
relatively  high  oxygen  diffusion  and  surface  exchange  coefficients, 
which  are  two  vital  factors  for  cathode  performance  [24,25].  Owing 
to  the  above-mentioned  favourable  properties,  I<2NiF4-type  struc¬ 
ture  of  A2B04  materials  can  be  the  promising  candidates  of  cathode 
for  IT-SOFCs. 

The  most  extensively  studied  systems  for  such  applications  are 
Ln2Ni04  (Ln  =  La,  Pr,  Nd)  [26-28].  However,  there  are  scarce 
researchers  in  the  SOFC  field  focused  on  the  Ln2Co04  oxides.  Wang 
and  Nie  reported  that  Ln2-xSrxCo04  (Ln  =  Pr  and  Sm)-based  oxides 
could  be  applied  as  promising  cathodes  for  SOFCs  via  studying  their 
thermal  stability  and  conduction  properties.  They  also  suggested 
that  single  I<2NiF4-type  structure  phases  could  not  be  obtained, 
whereas  it  could  be  for  0.8  <  x  <  1.5  [23,29,30].  C.  Tealdi  and  the  co¬ 
workers  studied  the  transport  properties  of  the  La2_xSrxCo04  solid 
solution  and  found  Lao.sSri^CoCH  has  the  maximum  electrical 
conductivity  in  the  whole  temperature  range  (30-750  °C)  [31].  Jin 
and  Liu  also  studied  the  composition  of  Bai^Sro.sCoCU— GDC 
composite  cathodes  and  results  showed  that  the  performance 
of  composite  cathode  was  enhanced  greatly  [32].  In  our 
group,  we  adopted  the  same  structure  and  also  found  LaSrCo04  and 
H-LaSrCo04  possess  better  electrochemical  properties  [33,34]. 

In  the  work  described  in  this  paper,  composites  containing 
gadolinia  doped  ceria  (CGO)  and  Lao.sSri^CoC^+d  (LSC04)  I<2NiF4- 
type  structure  oxide  were  investigated.  These  combine  the  high 
oxygen-ion  conductivity  of  CGO  [35]  and  high  electronic  conduc¬ 
tivity  and  fast  oxygen  surface  exchange  of  LSC04.  The  feasibility  of 
LSC04-CGO  composites  as  cathode  on  LSGM  electrolyte  has  been 
assessed  in  detail. 

2.  Experimental 

2.1.  Preparation  of  powders 

The  original  material  of  Lao.sSr^CoCH^  (LSC04)  was  prepared 
with  a  citric-nitrate  process  using  stoichiometric  quantities  of 
La(N03)3-6H20,  Sr(N03)2,  and  Co(N03)3-6H20  (all  in  analytical 
purity)  and  in  a  citric  acid  to  total  metallic  ions  molar  ratio  of  4.5:1. 
A  porous  xerogel  was  formed  at  110  °C  and  then  transformed  into 


LSC04  black  power  after  calcined  at  1000  °C  for  4  h  in  air.  Similarly, 
stoichiometry  amounts  of  Ce(N03)3-6H20  and  Gd203  were  dis¬ 
solved  in  nitric  acid  and  4.5  mol  citric  acid  was  added  per  mole  of 
nitrate.  The  mixtures  were  heated  at  110  °C  and  then  calcined  at 
700  °C  for  2  h  to  remove  residual  organic  matter  and  to  ensure 
a  single-phase  composition  of  CGO.  The  mixture  of  the  calcined 
LSC04  and  CGO  powders  was  ground  with  acetone  for  1  h  for  form 
composites  with  15,  25,  35,  and  45  wt  %  CGO  (marked  as  LSC04- 
15%  CGO,  LSC04— 25%  CGO,  LSC04-35%  CGO,  and  LSC04-45% 
CGO,  respectively). 

The  electrolyte  Lao.gSr0.iGao.8Mgo.203_5  (LSGM)  was  prepared  by 
solid-state  reaction.  La203,  SrC03,  Ga203,  and  MgO  were  mixed 
after  drying  to  remove  the  absorbed  water.  The  mixture  was  ball- 
milled  1  h  in  the  presence  of  acetone.  Then,  the  mixture  was 
pressed  into  a  pellet  and  finally  fired  at  1500  °C  for  10  h  in  air.  A 
single  perovskite  phase  was  formed  according  to  the  XRD  pattern. 
Pellets  with  thickness  of  1.2  mm  were  prepared  for  electrolyte- 
supported  cell  tests. 

Three-electrode  half  cells  were  fabricated  as  follows:  mixed 
slurry  was  made  of  LSC04-CGO  and  LSGM  (in  a  weight  ratio  of  7:3) 
with  organic  additive  containing  terpilenol  and  turpentine.  The 
mixture  was  then  screen-printed  onto  one  side  of  the  LSGM  elec¬ 
trolyte  followed  by  calcination  at  1000  °C  for  3  h.  A  platinum 
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Fig.  2.  XRD  patterns  of  pre-synthesized  LSC04,  CGO,  LSGM,  and  LSC04-CGO-LSGM 
mixture  calcined  at  1000  °C. 


334 


J.  Zhou  et  al.  /  Journal  of  Power  Sources  232  (2013)  332-337 


Fig.  3.  SEM  images  of  LSC04-35%  CGO  composite  cathode  on  LSGM  electrolyte  sintered  at  1000  °C  (a)  surface  view  and  (b)  cross-section  view. 


counter  electrode  was  laid  symmetrically  to  the  working  electrode 
on  the  other  side  and  another  Pt  reference  electrode  was  placed  at 
the  edge  of  the  electrolyte  on  the  working  electrode  side.  All  the 
three  electrodes  were  covered  with  Pt  paste  as  current  collector 
and  treated  at  900  °C. 

The  single  cell  was  fabricated  on  a  LSGM  pellet  with  about 
1.2  mm  thickness.  A  layer  of  LSC04-CGO  composite  cathode  was 
first  printed  on  one  side  of  the  LSGM  pellet  and  fired  at  1000  °C  for 
1  h.  NiO-LSGM  ink  was  then  printed  on  the  other  side  of  the  LSGM 
pellet  and  fired  at  1000  °C  for  1  h.  The  LSC04-CGO  composite 
cathode  with  an  area  of  0.48  cm2  was  about  35  pm  thick  after  firing. 
Pt  wire  and  Pt  paste  was  used  as  current  collectors  for  both  elec¬ 
trodes  and  the  cells  were  tested  in  a  four-probe  configuration. 

2.2.  Characterization 

The  reaction  product  was  characterized  by  X-ray  diffraction 
(XRD)  for  phase  identification  and  to  assess  phase  purity. 
The  characterization  was  performed  with  powder  X-ray  diffraction 
(D/Max-2400,  Rigaku,  Japan)  employing  Cu  Ka  radiation  at 
a  step  of  0.02°  in  a  20  range  of  10°-80°.  The  microstructure  of  the 
LSC04-CGO  composite  cathode  was  inspected  with  JEOLJSM-6390 
SEM.  The  polarization  resistance  (Rp)  of  the  cathode/electrolyte 
interface  as  a  function  of  temperature  was  determined  by  AC 
impedance  spectroscopy  employing  the  Solartron  1287  Electro¬ 
chemical  interface  and  1260  Impedance/Gain-Phase  analyzer  over 
a  frequency  range  of  1CT2— 106  Hz  under  an  applied  amplitude  of 
10  mV.  The  DC  polarization  experiments  were  taken  at  various 
potential  steps  by  recording  the  current  density  as  a  function  of 
time.  The  cathode  overpotential  was  calculated  according  to  the 
following  equation:  ^We  =  A  Dwr  -  i^ei,  where  A  DWr  is  the 
applied  voltage  between  the  working  and  reference  electrodes,  i  is 
the  DC  current  flowing  through  the  cell  and  Rei  is  the  electrolyte 
resistance  derived  from  the  impedance  spectrum. 

3.  Results  and  discussion 

3.1.  Structure  characterization 

The  XRD  patterns  of  LSC04  powders  were  sintered  at  different 
temperatures  for  4  h  are  shown  in  Fig.  1.  It’s  found  that  I<2NiF4-type 
structure  is  not  formed  when  calcination  temperature  is  lower  than 
1000  °C.  On  the  other  side,  for  the  effective  application,  the  reaction 
between  the  electrolyte  and  electrode  is  undesirable  for  the  long 
term  stability  of  a  SOFC.  Therefore,  the  reactivity  of  LSC04  with  the 
LSGM  electrolyte  was  further  studied  by  mixing  LSC04,  CGO,  and 
LSGM  powders  with  a  1:1:1  weight  ratio,  and  sintered  at  1000  °C 
for  10  h.  Fig.  2  shows  the  XRD  patterns  of  LSC04,  CGO,  LSGM,  and 
the  LSC04— CGO— LSGM  mixture.  It  clearly  exhibits  that  the  main 


peaks  of  LSC04,  CGO,  and  LSGM  were  present  and  no  other 
by-product  phases  were  occurred,  indicating  that  LSC04  is  chem¬ 
ical  compatibility  with  CGO  and  LSGM. 

3.2.  SEM  images 

To  investigate  the  microstructure  of  the  composite  cathode,  SEM 
images  were  taken  from  both  surface  and  cross-section.  Fig.  3 
exhibits  the  FESEM  images  of  the  LSC04-35%  CGO  composite 
cathode  on  the  LSGM  electrolyte  sintered  at  1000  °C  for  3  h. 
Fig.  3(a)  shows  that  the  particles  are  connected  with  each  other, 
with  an  average  grain  size  of  about  2-3  pm.  Meanwhile,  the 
cathode  displays  a  well-boned  porous  network,  which  is  conve¬ 
nient  for  the  oxygen  transporting  to  the  activated  the  three-phase 
boundary  (TPB)  sites.  Fig.  3(b)  gives  the  cross-section  view  of 
a  fractured  cell.  The  thickness  of  the  composite  cathode  layer  was 
approximately  30  pm.  The  attachment  of  the  composite  cathode  is 
high  and  no  delamination  is  observed  at  the  LSC04-35%  CGO/LSGM 
interface. 

3.3.  Electrochemical  performance 

Electrochemical  impedance  measurements  for  LSC04-CGO 
composite  cathodes  on  LSGM  electrolyte  were  performed  at 
different  temperatures  without  applying  a  bias  voltage  in  air,  as 
shown  in  Fig.  4.  The  associated  electrical  equivalent  circuit  is  also 
exhibited  in  the  inset  of  Fig.  4,  and  the  fitting  results  are  presented 
in  Table  1.  A  high-frequency  inductive  component  (L)  coming  from 


Fig.  4.  Impedance  spectra  of  LSC04  and  LSC04-CGO  composite  cathodes  on  LSGM 
electrolyte  at  750  °C  under  open-circuit-potential  conditions. 
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Polarization  resistance  of  LSC04— CGO  composite  cathodes  on  LSGM  electrolyte  at  750  °C. 
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Parameters 

L  (H  cm2) 

Rs  (Q  cm2) 

Ri  (O  cm2) 

Qj  (G  cm2  s"n) 

R2  (0  cm2) 

02  (0  cm2  s"n) 

Rp  (G  cm2) 

LSC04 

1.63  x  1CT6 

1.98 

0.54 

0.0026 

0.21 

0.0836 

0.75 

LSC04— 25%  CGO 

1.75  x  10"6 

2.13 

0.23 

0.0051 

0.19 

0.0146 

0.42 

LSC04— 35%  CGO 

1.77  x  1CT6 

1.96 

0.11 

0.0015 

0.10 

0.0207 

0.21 

LSC04— 45%  CGO 

1.84  x  1(T6 

2.11 

0.29 

0.0013 

0.14 

0.0101 

0.43 

the  measuring  system  is  visible  at  temperature  above  650  °C;  the 
series  resistance,  Ro,  corresponds  to  the  overall  ohmic  resistance 
from  the  electrolyte,  electrodes  and  the  connection  wires;  QPE  is 
the  constant  phase  element,  R i  and  R2  correspond  to  the  high-  and 
low-frequency  arcs,  respectively  [36].  The  high-frequency  arc  (Ri) 
reflects  the  charge  transfer  of  oxygen  ions  at  the  electrode/elec¬ 
trolyte  interface  [37].  The  low-frequency  arc  (R2)  corresponds  to  the 
oxygen  adsorption  or  dissociation  process  [38].  The  total  polariza¬ 
tion  resistance  ( Rp )  is  the  sum  of  R\  and  R2. 

From  the  impedance  spectra,  it  can  be  seen  that  the  Rp  of  pure 
LSC04  and  LSC04-CG0  composite  cathodes  change  from 
0.75  Q  cm2  for  LSC04  to  0.21  Q  cm2  for  LSC04-35%  CGO  at  750  °C. 
The  70%  decrease  of  Rp  contributes  to  the  large  oxygen  vacancy  in 
CGO  which  is  beneficial  to  establish  sufficient  TPBs  and  increase  the 
paths  to  transfer  the  oxygen  ions.  The  Rp  of  LSC04-35%  CGO  is 
much  less  than  LaSrCo04-BZCY  composite  cathode  at  the  same 
temperature  [32].  Here,  BZCY  shows  a  proton  conductor.  Though 
the  difference  of  transfer  mechanism  between  LSC04-BZCY  and 
LSC04— CGO  needs  to  be  investigated,  the  lower  Rp  indicates  that 
LSC04  favours  the  oxygen  ions  rather  than  proton  at  some  content. 
According  to  the  fitting  data  in  Table  1,  compared  with  pure  LSC04 
cathode,  both  R i  and  R2  of  LSC04-35  wt  %  CGO  composite  cathode 
are  much  smaller,  resulting  the  great  difference  of  Rp  values  of  two 
samples.  This  phenomenon  can  be  explained  as  follows.  As  one 
kind  of  mixed  ionic-electronic  conductor,  LSC04  with  I<2NiF4-type 
structure,  the  oxygen  reduction  occurs  not  only  on  the  TPB  but  also 
on  the  surface  of  electrode.  As  we  known,  the  key  to  enable  such 
intermediate  temperature  range  of  operation  is  to  accelerate  the 
oxygen  reduction  reaction  in  the  cathode  and  the  oxygen  transport 
in  the  cathode  and  electrolyte.  Generally,  the  overall  reactions 
involving  oxygen  are: 


2°2(g) 
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2- 

(cathode  surface) 


(1) 
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2- 

(cathode  surface) 


2- 
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The  first  reaction  represents  the  reduction  of  oxygen  on  the 
cathode  surface,  the  second  reaction  stands  for  the  diffusion  of 
oxygen  into  the  cathode,  the  third  reaction  represents  transfer  of 
oxygen  from  the  cathode  to  the  electrolyte  in  which  the  oxygen  ion 
proceeds  to  diffuse.  Meanwhile,  Adler  et  al.  [38,39]  demonstrated 
that  the  oxygen  reduction  reaction  in  MIEC  electrodes  is  governed 
by  the  oxygen  surface  exchange  and  the  oxygen  diffusion.  There¬ 
fore,  the  oxygen  vacancy  is  important  for  the  oxygen  reduction 
reaction  in  SOFCs  as  they  are  likely  to  couple  strongly  to  oxygen 
dissociation,  transportation,  and  incorporation.  Moreover,  the 
diffusion  is  influenced  by  the  concentration  of  oxygen  vacancies 
[40].  Fig.  5  depicts  the  possible  process  of  oxygen  reduction  reac¬ 
tion  in  LSC04— CGO  composite  cathode  on  LSGM  electrolyte.  The 
addition  of  CGO  with  proper  content  in  LSC04  gives  more  channels 
to  transport  oxygen  ions  via  increasing  the  concentration  of  total 
oxygen  vacancies.  Simultaneously,  the  TPB  increases  when  CGO  is 
added  into  Lao.8Sri.2Co04  as  a  composite  cathode.  Thus,  the  ORR  can 
occur  at  much  more  TPB,  then,  more  oxygen  ions  may  diffuse  to  the 
LSGM  electrolyte,  and  oxygen  diffusion  is  enhanced.  After  adding 
35  wt  %  CGO  in  LSC04,  the  reduction  of  Ri  clearly  shows  that  the 
charge-transfer  process  for  oxygen  reduction  on  the  porous 
composite  cathode  was  improved  at  the  TPB. 

The  area  specific  resistances  (ASRs)  values  for  the  composite 
cathodes  at  different  temperatures  are  exhibited  in  Fig.  6.  These 
show  strong  dependence  relative  contents  of  CGO  and  LSC04, 
with  the  lowest  ASR  value  being  observed  from  the  specimen  of 
LSC04— 35%  CGO.  At  values  larger  than  35  wt  %  of  CGO  in  LSC04,  the 
ASR  increases  as  it  is  related  to  the  effective  percolation  of  elec¬ 
trically  conducting  phase  present  [41].  ASR  will  also  be  seemed  to 
rise  obviously  at  lower  content  of  CGO,  as  there  is  significant 
detrimental  effect  due  to  reduced  TPB.  Arrhenius  plots  of  the  ASRs 


Fig.  5.  Schematic  of  the  possible  process  of  oxygen  reduction  reaction  in  LSC04-CGO  Fig.  6.  Dependence  of  cathodic  polarization  upon  content  of  CGO  at  different 
composite  cathode.  temperatures. 
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Fig.  7.  Arrhenius  plot  of  the  area  specific  resistance  results  for  various  composite 
cathodes  of  CGO  with  LSC04  onto  LSGM  electrolyte. 


are  also  marked  in  Fig.  7.  Activation  energies  were  calculated  using 
Eq.  (4). 

'°SR— (4) 

where,  R  is  a  universal  gas  constant,  T  is  absolute  temperature,  and 
R0  is  related  to  the  pre-exponential  term  in  Eq.  (4).  Generally,  the  Ea 
in  the  exponential  term  is  activation  energy,  which  is  directly 
related  to  the  slop  of  Fig.  7  and  originates  from  all  of  the  cathode 
processes  including  oxygen  adsorption,  dissociation,  bulk  or 
surface  diffusion,  and  the  self-diffusion  via  electrolyte  [41].  For 
comparison,  the  activation  energy  of  LaSrCoCU  with  BZCY 
composite  cathode  was  reported  as  1.40  eV  [32]  and  the  value  for 
LSC04-CG0  composite  cathodes  (except  LSC04-15%  CGO)  are 
significantly  lower,  indicating  that  the  oxygen  reduction  process 
LSC04-CG0  composite  cathodes  are  faster  and  have  a  lower 
temperature  dependence  than  LaSrCo04  with  BZCY  composite 
cathode.  Generally,  the  concept  of  composite  cathode  is  used  in 
order  to  maximize  the  TPB  between  cathode  and  electrolyte  to 
enhance  performance  [41].  In  addition,  the  enhanced  cathode 
performance  of  LSC04-35%  CGO  is  not  only  the  effect  of  maximized 


Fig.  8.  Overpotential-current  density  curves  of  the  LSC04-35%  CGO  composite 
cathode. 


Fig.  9.  Cell  voltages  and  power  densities  as  function  of  current  density  of  LSGM- 
supporting  cell  with  LSC04-35%  CGO  cathode,  NiO  as  anode,  and  measured  in 
humidified  H2  and  air  in  temperature  range  of  650-750  °C. 

composite  cathode  but  also  property  of  MIEC  caused  by  various 
easy  oxygen  pathways  as  one  of  the  properties  in  layered  perovskite 
[42].  The  activation  energy  of  LSC04  is  1.53  eV  in  Fig.  7. 
The  composite  cathodes,  for  example,  from  LSC04-25%  CGO  to 
LSC04— 45%  CGO,  exhibit  activation  value  decreasing  to  1.27  eV 
because  of  the  extension  of  chemically  active  sites  as  the  TPB 
expands  giving  an  enhanced  oxygen  reduction  process  in  the 
composite  cathode. 

Cathodic  overpotential,  defined  as  the  deviation  from  reversible 
potential  as  electric  current  passes  via  a  cathode,  is  attributed  to  the 
slowness  of  ORR  and  is  an  important  factor  representing  the 
electrode  performance.  The  cathodic  polarization  curves  for 
LSC04— 35%  CGO  composite  materials  are  exhibited  in  Fig.  8.  As  can 
be  seen,  the  lowest  polarization  overpotential  of  63  mV  is  measured 
for  a  LSC04— 35%  CGO  composite  cathode  at  current  density  of 
313  mA  cm-2  at  750  °C.  Moreover,  at  the  whole  tested  range,  there 
appears  a  linear  relationship  [43],  i  =  ioZFriIRT,  where  i  is  the  current 
density,  i0  is  the  exchange-current  density,  7]  is  the  overpotential, 
F  is  the  Faraday  constant  and  R  is  the  universal  gas  constant.  From 
the  inverse  of  the  derivative  of  i  against  ij,  the  polarization  resis¬ 
tance  can  be  calculated.  The  value  obtained  at  750  °C  is  0.20  Q  cm2, 
which  is  quite  agreement  with  the  result  obtained  from  the 
impedance  measurement. 

We  applied  the  LSC04-35%  CGO  composite  cathode  to  a  LSGM 
electrolyte-supporting  SOFC  with  NiO  anode.  The  curves  of  cell 
voltage  and  the  corresponding  power  density  versus  current 
density  are  exhibited  in  Fig.  9.  The  OCVs  are  quite  close  to  the  values 
of  Nernst  potential  expected  when  using  humidified  H2  as  a  fuel 
and  demonstrate  the  cells  are  well-sealed  with  gastight  electrolytes 
[44].  The  cell  shows  proper  performances  with  maximum  output 
power  densities  of  515  mW  cnrr2  at  750  °C.  The  encouraging 
performances  reinforce  the  advantages  of  a  composite  cathode 
system  to  attain  maximum  cell  performance  in  this  system. 

4.  Conclusions 

In  summary,  LSC04  powders  with  K2NiF4-type  structure  were 
prepared  by  citric-nitrate  method  and  characterized  by  XRD  and 
SEM.  Incorporating  an  amount  of  Ceo.gGdo.iO^  is  to  obtain  a  series 
of  composite  cathode  LSC04-CGO.  Then  the  composite  materials 
were  studied  in  comparison  with  pure  LSC04  on  electrochemical 
properties,  such  as  the  polarization  curves  and  the  electrochemical 
impedance  spectra.  The  best  electrochemical  performance  in 
symmetrical  half  cells  was  seen  in  the  specimens  that  comprised 
a  composite  of  65  wt  %  LSC04  and  35  wt  %  CGO  (LSC04-35%  CGO). 
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This  composite  exhibited  half  cell  ASRs  of  0.21  Q  cm2  and  cell 
power  density  of  515  mW  cm-2  at  750  °C,  respectively.  All  of  these 
results  imply  that  that  the  LSC04  and  CGO  composite  is  a  proper 
promising  cathode  material  for  IT-SOFCs  applications. 
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